ABSTRACT Previous inventories of the diversity of lepidopteran symbionts have been limited to Eubacteria. We conducted a microbial survey of Calyptra thalictri Borkhausen (Lepidoptera: Noctuidae) by using polymerase chain reaction (PCR) primers for 16S rRNA sequences for Eubacteria, and primers for Archaea, fungi including yeast-like organisms, Microsporidia, and Wolbachia. Heads and abdomens of adult males of this fruit-piercing and blood-feeding moth were assayed separately. High-Þdelity PCR and subsequent DNA analyses indicated that at least Þve microorganisms belonging to the ␣-, ␤-, and ␥-Proteobacteria were present. Two eubacterial sequences, related to a Klebsiella sp. and a Sinorhizobium sp., were detected in the abdomens of all nine individuals sampled, and three additional sequences, two related to species in the genus Alcaligenes and one related to a Rhizobium sp., were found in some of the abdominal samples, suggesting all Þve could be associated with abdominal structures. No Archaea, fungi including yeast-like organisms, Microsporidia, or Wolbachia were detected. These results document the Þrst microbial associates in a fruit-piercing and bloodfeeding moth.
Although blood feeding is common in many insect orders, within the Lepidoptera skin-piercing and blood feeding are restricted to the moth genus Calyptra. Calyptra Ochsenheimer (Lepidoptera: Noctuidae: Calpini) is composed of both obligatory fruitpiercing and facultative blood-feeding species. Of the 17 Calyptra species (Bänziger 1983) , half have males that have been documented to feed on blood under either natural or experimental conditions (Bänziger 1968 (Bänziger , 1989 . Males are opportunistic blood feeders primarily in subtropical and tropical areas in Asia; their hosts are typically ungulates such as cattle, tapirs, zebu, and, occasionally, elephants and humans. It has been shown that blood-feeding males sequester up to 95% of the NaCl from the blood (Bänziger 2007) . Calyptra females have not been shown to feed on blood (Bänziger 1989) , and it is unclear whether males provide substances from the ingested blood to them during mating (Bänziger 2007) .
The remaining "nonblood-feeding" males of Calyptra species are thought to be obligatory piercers of fruit such as peaches, plums, and citrus (Bänziger 1982) . However, males of C. thalictri, thought to be limited to fruit piercing, were shown to pierce human skin and feed on a human host for up to 10 min (Zaspel et al. 2007) . It is unknown whether these moths ingest pathogens or parasites during the bloodmeal; however, if present, the survival of such disease microorganisms in Calyptra species could be dependent on the presence of other microorganisms in the midgut (Azambuja et al. 2005) . Recent Þndings suggest that microbial gut endosymbionts may affect the ability of an insect vector to transmit disease agents to their vertebrate host(s) (St. André et al. 2002) . Thus, the potential of these moths to vector disease may be related to their microbial gut fauna.
It has been speculated that blood-feeding Calyptra males are vectors of human or animal disease, but whether a real danger exists is unknown (Bänziger 1980 (Bänziger , 1989 , and the occurrence of this C. thalictri population (and other species) in remote areas has hindered study. An important step in understanding the biology and feeding behavior of the fruit-piercing and blood-feeding males of Calyptra will be the identiÞcation of their associated microbial community.
The goals of this study were to conduct a survey for microorganisms associated with male specimens of C. thalictri obtained in Far Eastern Russia. We surveyed these males for Archaea, Eubacteria, fungi including yeast-like organisms, Microsporidia, and Wolbachia by using a high-Þdelity polymerase chain reaction (PCR) assay. Following terminology used in recent bacterial surveys of Lepidoptera, and because bacterial species are difÞcult to delineate, we refer to the organisms detected in male C. thalictri in this study as "phylotypes" (Broderick et al. 2004) . Additionally, in an ef-fort to understand which, if any, were consistently associated with C. thalictri males, the proportion of individuals that contained each phylotype is reported.
Materials and Methods
Specimens. Nine males of C. thalictri were collected at two sites in July 2006 in the Primorye Territory in Far Eastern Russia. Collecting site 1 was in the vicinity of the Kraunouka Village at the Borisovskoe Hunting Area, roughly 20 km west of Ussuriisk, Russia (43Њ 44.577 N, 131Њ 38.218 E; 84.5 m) . The second site was at the Gornotayeznaya Biological Station Far Eastern Branch of the Russian Academy of Sciences (20 km east of Ussurisk). This collecting site was in the vicinity of Gornotayeznoe village situated in southwestern spurs of the Sikhote-Alin montane range (43Њ 41.917 N, 132Њ 09.131 E). Moths were collected using suspended white sheets illuminated by a 60-W mercury vapor lamp (HgVpr, Winter 2000) . Live specimens were collected into separate 10-dram plastic vials. Specimens were transferred into 95% ethanol and transported to the United States where they were stored separately at Ϫ80ЊC before DNA extraction.
Surface Sterilization. A sterilization method to remove the DNA of microorganisms associated with the external surfaces of C. thalictri was used because it has been demonstrated to both kill surface-inhabiting microbes and to eliminate their DNA when other solutions fail to do so consistently. This protocol does not interfere with PCR analysis of gut or reproductive tract endosymbionts (Meyer 2007, Meyer and Hoy 2008) . Whole bodies of individual moths each were placed in a 15-ml plastic centrifuge tube Þlled with 6% sodium hypochlorite solution for 3 min and then rinsed Þve times with autoclaved double deionized water by using sterile Þltered pipette tips (Posada and Vega 2005) . The abdomens then were removed from each moth using sterilized spring scissors and sterilized Þne-tip forceps and placed in separate, covered sterile petri plates. Spring-scissors, cleaned with 6% sodium hypochlorite solution followed by 100% ethanol, and held in a ßame for 5 s, were used to make a small incision at the tip of the abdomens of C. thalictri males under a dissecting microscope to examine the genitalia to conÞrm the identity of each specimen. All abdominal contents, including the digestive and reproductive tracts, hemolymph, and fat body were removed and placed in sterile 1.5-ml sterile centrifuge tubes. To determine whether the moths had speciÞc microbes associated with the salivary glands and/or their mouthparts, heads with the proboscis attached and the contents of the pharynx were removed from each specimen after the bleach treatment by using a sterilized Þne-tip forceps under a dissecting microscope. Heads and associated mouthparts were rinsed with sterile water in the same manner as the abdomens and then placed in sterile 1.5-ml centrifuge tubes. Head and gut contents were stored at Ϫ80ЊC before DNA extraction. These procedures were conducted in a different room from where the DNA extractions and PCR reactions were conducted. DNA Extraction. Individual surface-sterilized moth abdomens or heads were homogenized with a disposable blunt-ended sterile pipette tip for 4 min each. Homogenized tissues were used for DNA extraction using PUREGENE reagents (Gentra Systems, Minneapolis, MN) according to the manufacturerÕs protocol. Due to the large amounts of tissue and fat body in the moths, two protein precipitations were performed on all abdominal samples. DNA pellets were dried for 20 min and resuspended in 100-l of sterile water. To further purify the samples, they were subjected to a chloroform extraction: 200 l of sterile water was added to 200 l of chloroform and added to the samples; the samples were mixed by hand with a disposable sterile blunt pipette tip until smooth and then placed on ice for 5 min. Samples were centrifuged for 15 min at 12,000 rpm, and the supernatant was removed and transferred into a clean 1.5-ml centrifuge tube. DNA was precipitated using isopropanol at Ϫ80ЊC. Samples were centrifuged for 15 min at 12,000 rpm, and the DNA pellets were washed with 70% ethanol, air-dried for 5 min, and resuspended in 100 l of sterile water. To prevent contamination of the surface-sterilized samples, all DNA extractions were performed in an area separated from where the highÞdelity PCR was conducted.
The quantity of DNA in each sample was determined using a spectrophotometer (SmartSpec Plus, Bio-Rad, Hercules, CA). For the initial survey, 1 l of DNA from each abdominal or head extract was pooled into a single 1.5-ml microcentrifuge tube, and 1 l of this pooled sample was used in PCR analyses with the primers listed in Table 1A . These samples were pooled to reduce the chance of missing potential microbial associates that were not present in 100% of the population. To increase the amount of DNA available for subsequent phylotype-speciÞc PCRs on individual specimens, a multiple displacement ampliÞcation (MDA) reaction was performed on 1 l of DNA of each extract following the recommendations of the manufacturer (Dean et al. 2001 (Dean et al. , 2002 Jeyaprakash and Hoy 2004) ; resulting Genomphi ampliÞcation products (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom) were stored at Ϫ80ЊC. This supply provided us with additional DNA in the event that a large number of microbial endosymbionts were found in the pooled DNA.
High-Fidelity PCR. A 25-l high-Þdelity PCR that contained 50 mM Tris, pH 9.2, 16 mM ammonium sulfate, 1.75 mM MgCl 2 , 350 mM dNTPs, 800 pmol primers, 1 U of Pwo DNA polymerase, and 5 units of Taq DNA polymerase (Roche Molecular Biochemicals, Indianapolis, IN) was used to amplify 1 l of template DNA with the PCR reaction conditions listed in Hoy and Jeyaprakash (2005) with the primers listed in Table 1A . Three linked proÞles were used: 1) one cycle of denaturation at 94ЊC for 2 min; 2) 10 cycles of denaturation at 94ЊC for 10 s, annealing at 65ЊC for 30 s, and elongation at 68ЊC for 1 min; and 3) 25 cycles of denaturation at 94ЊC for 10 s, annealing at 65ЊC for 30 s, an elongation at 68ЊC for 1 min plus an additional 20 s for each consecutive cycle. Agarose gel electrophore-sis (1% TAE gels) was used to separate PCR-ampliÞed DNA, which was stained with ethidium bromide and visualized with UV light.
Cloning and Restriction Fragment Length Polymorphism (RFLP) Analysis. PCR products were puriÞed with the QIAquick PCR puriÞcation kit (QIAGEN, Valencia, CA). To enhance cloning efÞciency, 10 l of all PCR products were combined with 1 l of dATP, 1 l of Taq DNA polymerase, 1 l of buffer, and then placed in the thermocycler at 72ЊC for 1 h. PCR products were then cloned into pCR2.1 TOPO following the manufacturerÕs protocol (Invitrogen, Carlsbad, CA); colonies were grown on petri plates at 37ЊC overnight. Individual Escherichia coli transformants were selected at random, grown overnight in 5 ml of Luria-Bertani broth ϩ 20 l of ampicillin, and plasmid DNA was extracted using QIAGEN Plasmid Mini Columns (QIAGEN). The presence and size of inserted DNA were conÞrmed by gel electrophoresis of plasmids after digestion with EcoRI for 2 h at 37ЊC. RsaI digests were used for RFLP analyses (Jeyaprakash et al. 2003) . Clones with inserts yielding unique restriction fragment-length polymorphisms were bidirectionally sequenced at the University of Florida Interdisciplinary Core Facility, Gainesville, FL. The resulting sequences were used to design species-speciÞc primers for use in high-Þdelity PCR on individual males to determine the frequency of infection with each phylotype. Bacterial phylotypes detected in all individual C. thalictri specimens might be considered primary endosymbionts, whereas those found in fewer specimens could be considered secondary endosymbionts or strays from the environment. Primers for each phylotype detected were designed manually (Table 1B) .
Results and Discussion
High-Fidelity PCR Amplification of Microbial Associates in C. thalictri. 16S rRNA was ampliÞed using template DNA isolated from the abdomen, but not the head (including mouthparts), and yielded the expected Ϸ1.5-kb band. This suggests that no symbionts occur in the salivary glands and that the mouthparts were not contaminated with bacteria after surface sterilization. No ampliÞcation products were detected using DNA isolated from the head or abdomen of the C. thalictri specimens by using primers for Archaea, fungi including yeast-like organisms, or Microsporidia. Wolbachia were not detected using either eubacterial 16S rRNA or wspA Wolbachia-speciÞc primers. Given the limited number of C. thalictri samples, false negatives are a possibility, but these results suggest the microbial associates of this population are limited to Eubacteria.
Microbial Associates of C. thalictri. The eubacterial 16S rRNA PCR products were cloned using 1 l of DNA that had been pooled from nine C. thalictri males. In total, 34 clones were selected at random and analyzed using the RFLP technique. Analysis of EcoRI digests indicated that all clones contained an insert Ϸ1.4 kb. The RsaI digests of the 34 clones resulted in Þve unique banding patterns. Three clones representing each banding pattern were sequenced (15 total). Of the 15 sequences, Þve were unique, indicating that there are at least Þve types of Eubacteria associated with male specimens of the blood-feeding population of C. thalictri occurring in the Primorye Territory of Far Eastern Russia. It is always possible that low frequency phylotypes or specialized Eubacteria will be found in future analyses. 5Õ-GTAGTCATATGCTTGTCTC-3Õ 1,500 48 5'-TAGGNATTCCTCGTTGAAGA-3' Helicosporidia (ms-5', ms-3') (Nedelcu 2001) 5'-GCGGCATGCTTAACACATGCAAGTCG-3' 1,300 65 5'-GCTGACTGGCGATTACTATCGATTCC-3' Wolbachia wspA (81F, 691R) (Braig et al. 1998) 5'-TGGTCCAATAAGTGATGAAGAAAC-3' 600 55 5'-AAAAATTAAACGCTACTCCA-3' Yeast-like organisms LSU rDNA (LS1, LR5) (Zhang et al. 2003) 5'-AGTACCCGCTGAACTTAAG-3' 2,000 50 5'-CCTGAGGGAAACTTCG-3' B. Phylotype-speciÞc primers Alcaligenes phylotype (1) (EF599759) 5'-GAGAAGAAAAGGTATCCCCTAATACGGGATAC-3' 589 65 5'-CTTGCGAGCACTGCCAAATCTCTTCGGC-3' Alacaligenes phylotype (2) (EF599757) 5'-GGAAAGAAACGTCGTGGGTTAATACCCCGCGA-3' 591 65 5'-CTTGCGAGCACTGCCAAATCTCTTCGGGC-3' Klebsiella phylotype (EF599758) 5'-GAAACTGGCAGGCTGGAGTCTTGTAGAG-3' 521 65 5'-CAGTCTCCTTTGAGTTCCCGGCCGGACC-3' Rhizobium phylotype (EF599760) 5'-GAGACTGGCAGGCTGGAGTCTTGTAGA-3' 522 65 5'-CAGTCTCCTTTGAGTTCCCGACCGAATC-3' Sinorhizobium phylotype (EF599761) 5'-GTGAAGATAATGACGGTAACCGGAGAAG-3' 565 65 5'-CGAACTGAAGGAATACATCTCTGTAATCC-3'
One sequence (1,457 bp, GenBank accession no. EF599757) from C. thalictri produced signiÞcant alignments to Alcaligenes (Achromobacter) xylosoxidans (Yabuuchi and Ohyama) strain NFRI-A1of the ␤-proteobacterial family Alcaligenaceae (1,485 bp, GenBank accession no. AB161691.1, Yan et al. 2004 ). This sequence (EF599757), designated Alcaligenes phylotype 1 from C. thalictri, exhibited a 10.8% sequence divergence relative to the A. xylosoxidans strain NFRI-A1 sequence, which was initially identiÞed from the aßatoxin-producing fungus Aspergillus parasiticus Speare (Yan et al. 2004 ). The sequence from C. thalictri was 99% similar to an uncultured eubacterial species (1,475 bp, GenBank accession no. EF509705) from an "environmental sample" (Flanagan et al. 2007) in the BLASTn results. Alcaligenes (Achromobacter) xylosoxidans has been identiÞed as part of the culturable microbial community found from the ßuid of hooded-pitcher plants, with which some insects form close mutualistic associations (Siragusa et al. 2007 ). Other Alcaligenes (Achromobacter) species have been detected in the midguts of malarial mosquitoes (Lindh et al. 2005) and are associated with entomopathogenic nematodes (Poinar 1966) . Alcaligenes xylosoxidans denitrificans (Ruger and Tan) species also have been used in paratransgenesis experiments, in which these genetically modiÞed gut bacteria were delivered into the gut of the glassywinged sharpshooter, Homalodisca vitripennis (Germar), to interrupt transmission of pathogens to crops (Bextine et al. 2004) . Given the occurrence of this genus in the guts of other insects, it is possible that this phylotype is associated with the gut of C. thalictri males.
A second sequence (1,477 bp, GenBank accession no. EF599759) produced signiÞcant alignments to 16S rRNA sequences from ␤-protobacterial species in the family Alcaligenaceae. This sequence (EF599759), designated Alcaligenes phylotype 2 from C. thalictri, was similar to the homologous portion of the 16S rRNA sequence from Alcaligenes sp. strain IS-67 (9.7% sequence divergence [ Table 2 ], 1,503 bp, GenBank accession no. AY346140.1), isolated from an "activated sludge system" (Zhang et al. 2004 ). This phylotype from C. thalictri could be a transient from the environment, or a gut associate.
A third sequence (1,485 bp, GenBank accession no. EF599758) produced signiÞcant alignments with the ␥-proteobacterial family Enterobacteriaceae. This sequence (EF599758), designated Klebsiella phylotype from C. thalictri, was similar (0.05% sequence divergence; Table 2 ) to the homologous portion of the 16S rRNA gene from Klebsiella oxytoca (Flü gge) isolate GR6 (1,504 bp, GenBank accession no. AY873801.1), which is typically associated with nonleguminous plants (Jha and Kumar 2007) . However, K. oxytoca isolates also are associated with insects and have been detected in the frass of the leek moth Acrolepiopsis assectella Zeller (Thibout et al. 1995) . Both Klebsiella pneumoniae (Schroeter) and K. oxytoca have been isolated from pink bollworm, Pectinophora gossypiella (Saunders), larvae and adults (Kuzina et al. 2002) . Klebsiella species also have been detected in the Noctuidae (Lighthart 1988) and Pyralidae (Charpentier et al. 1978) . It is likely that this phylotype is a gut symbiont of C. thalictri.
A fourth sequence (1,410 bp, GenBank accession no. EF599760), designated Rhizobium phylotype from C. thalictri, was 99% similar to homologous portions of the 16S rRNA sequence from a Rhizobium species (Heylen et al. 2006) and from an Agrobacterium tumefaciens (Smith and Townsend) sequence (1,446 bp, GenBank accession no. DQ468100.1; Wang and Yan, unpublished) in the BLASTn results. Subsequent sequence divergence analyses suggest it is more similar to the Sinorhizobium phylotype 2 (EF599761) from C. thalictri (4.3% sequence divergence; Table 2), than it was to the Rhizobium sp. sequence (6.9% sequence divergence; Table 2 ). Species belonging to the Rhizobium-Sinorhizobium group are essential nitrogenÞxing bacteria found in legumes (Heckman and Drevon 1987) .
A Þfth sequence (1,431 bp, GenBank accession no. EF599761) designated Sinorhizobium phylotype from C. thalictri, produced signiÞcant alignments to S. morelense of the ␣-protobacterial family Rhizobiaceae (1,477 bp, GenBank accession no. AY559079.1). This sequence displayed 6.8% divergence from the S. morelense 16S rRNA sequence (Table 2) . Bacterial species in the RhizobiumÐSinorhizobium group have not been previously associated as permanent inhabitants of Lepidoptera, but they are found in Tetraponera ants (Kneip et al. 2007) . However, recent studies have demonstrated that Rhizobium and Sinorhizobium are closely related to the genus Reichenowia, a primary endosymbiont found in blood-feeding leeches (Siddall et al. 2004 , Perkins et al. 2005 . Siddall et al. (2004) asserted that Reichenowia species might play a role in nitrogen metabolism in the leech or provide it with other nutrients lacking in a bloodmeal. It is possible that the Rhizobium and Sinorhizobium phylotypes from C. thalictri represent novel microbial associations similar to those occurring in blood-feeding leeches; however, the systematics of these nitrogen Þxing taxa is not resolved and additional sequence data will be necessary to determine their phylogenetic placement.
In the diagnostic PCR assay of individual C. thalictri samples by using phylotype-speciÞc primers (Table 1B) , bacterial sequences representing the Klebsiella and Sinorhizobium phylotypes were detected in 100% of the nine males. Because the Klebsiella phylotype and Sinorhizobium phylotype were detected in all C. thalictri individuals sampled, it is likely that these phylotypes qualify as gut associates. Further study, using methods such as ßuorescent in situ hybridization are needed to conÞrm their exact location in C. thalictri.
Eubacterial sequences representing both Alcaligenes phylotypes and the Rhizobium phylotype were detected in 11, 33, and 11% of the nine specimens, respectively. Recent studies have shown the microbiota of the gut in lepidopteran hosts may vary with diet (Broderick et al. 2004 ); thus, these could be transient contaminants from the environment or derived from the host plants on which the moths feed. We classify the phylotypes found in Ͻ100% of the individual C. thalictri specimens in this survey as possible, but unconÞrmed, gut symbionts based on their similarity to other known gut symbionts in insects. Due to the limited number of specimens available for screening, it is possible that the phylotypes detected in fewer than 100% of the individuals would be more abundant in a larger sample. Our screening also could have failed to detect some phylotypes because they occur in low titer. However, use of a multiple displacement ampliÞcation followed by high-Þdelity PCR is at least six orders of magnitude more sensitive then "standardallele-speciÞc" PCR, allowing us to detect as few as 100 copies of bacterial DNA mixed with insect DNA 100% of the time and as few as 10 copies 50% of the time (Jeyaprakash and Hoy 2004) . However, if the initial primers used were inadequate to detect speciÞc microbial associates, then this survey could have failed to detect phylotypes. We did not reamplify any PCR products due to concerns about contamination. Because negative controls were used in all PCR assays using phylotype-speciÞc primers and no positive bands were observed, as expected, it is unlikely these sequences were due to laboratory contamination.
We were unable to detect Wolbachia or any eukaryotic organisms in the specimens screened in our survey. The failure to Þnd Wolbachia in the C. thalictri specimens is surprising given the prevalence of this bacterium in other butterßy and moth species (Tagami and Miura 2004) . Some populations of Lepidoptera do consist of both infected and uninfected individuals (Tagami and Miura 2004) , so it is possible that screening a larger sample of C. thalcitri specimens could produce different results.
It has been speculated that gut endosymbionts in Lepidoptera larvae are involved in lowering pH, metabolism of toxic plant compounds, and pathogen suppression (Broderick et al. 2004 ). These microbes also may play an important role in pheromone production, mating behavior, longevity, and survival of laboratoryreared colonies in adults. This initial survey will provide the foundation for future microbial analyses in both fruit-piercing and blood-feeding adult moths.
